Afterwards, the Hudson model for crack was used to test the applicability of the method. The result
Introduction

29
Unconventional resources have received widespread interest in recent years because of their 30 emergence as a source of clean energy, and they are now being developed and produced in North 
36
Many achievements have been made with the continuous improvements by researchers for 37 predicting the fracture in sedimentary strata [6] [7] [8] [9] . Sedimentary strata, such as unconventional 38 reservoirs, are usually described as anisotropic mediums on the scale of seismic waves, and the 39 anisotropy of a medium is produced by skeleton orientated arrangement and fracture development 40 [10] [11] . Ruger (1997 Ruger ( , 2002 researched the relationship among P-wave reflection coefficients, offset,
41
and azimuth named AVOA technology, which was found to be suitable for analyzing the anisotropy 
101
(1) The rock layer and rock fracture layer of the thin interbedded medium are assumed isotropic, 102 homogeneous, and linear elastic.
103
(2) There are no sources of intrinsic energy dissipation, such as friction or viscosity, between 104 the rock skeleton layer and the rock fracture layer.
105
(3) The thickness of the rock skeleton layer and the rock fracture layer must be much smaller 106 than a seismic wavelength, which the seismic wavelength must be at least ten times a layer 107 thickness.
108
According to the aforementioned assumptions, we can divide the thin interbedded medium into 109 two parts: a skeleton layer and a fracture layer, and then the thin interbedded medium can be 110 equivalent to a double-layer medium. 
120
123
[47], which has the following form: 
The brackets  indicates averages of the enclosed properties weighted by their volumetric 128
proportions, which is often called the Backus average. As a result, we can represent the fast S-wave 
147
Through further simplification, the Eq. (5) 
163
the root mean square (RMS) velocity, and the density, the key issue required to be solved is how to 164 establish a practical method for predicting fracture density.
165
After the analysis on the correlations of the Eqs. above, we consider to build the relationship 166 between the P-wave velocity and density of a target layer firstly, which is according to the studies by 167 Gardner [48] and Castagna [49] . Actually speaking, a certain amount of core analysis and logging 168 data will be finished before development of an unconventional reservoir, and as a result the non-
169
linear relationships between the P-wave velocity and the density of the target layer can be obtained: 
179
Notable, the RMS velocities about the P-wave and S-wave, and the velocities about the fast S- 
186
Equation (2) Equation (3) Equation (13) Equation (7) Equation (12) Core analysis and logging data Equation (10) Equation (6) Equation ( 
203
The key for applying and verifying the new method to the Hudson model is how to represent the Eq.
204
(1) of the double-layer model by the Hudson model parameters. The section will discuss how to solve 
213
(  ) is also defined by the volumetric proportion between the fracture part and the total part. Skeleton part
214
According to above analysis, we consider that the 1 
Unique solution set determination
224
In order to obtain the unique solution set of the 
where apostrophe denotes the first set of solutions; asterisk represents the other set of solutions.
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Based on the above analysis, there is a set of the P-wave and the S-wave velocities ( 1 P V , 
267
Due to the assumptions that the rock skeleton layer and rock fracture layer of a medium are isotropic, 
277
286
Actually speaking, the fast S-wave velocity, slow S-wave velocity, P-wave RMS velocity, S-wave RMS 287 velocity of the prospecting stratum can be obtained from a conventional data processing of 288 multicomponent seismic exploration. In addition, the average density, the coefficient a, and the coefficient b can be achieved from the core analysis and logging data of survey area. Finally, the 290 fracture density (  ) is predicted by the method of fracture density through solving the Eq. (2), Eq.
291
(3), Eq. (7), Eq. (12), and Eq. (13). 
292
294
According to the quantitative prediction method of fracture density in Sec. 2.5 and the 295 aforementioned physical parameters of models in Tab. 4, we can predict the fracture density (  ).
296
Moreover, we used the quasi-Newton method to solve the Eq. (2), Eq. (3), Eq. (7), Eq. (12), and Eq.
297
(13) for predicting the fracture density in this study. 
304
In addition to the predicted values for the fracture density, the root-mean-square error (RMSE)
305
and absolute relative deviation (ARD) were used as indexes to evaluate the prediction effects. The
306
smaller the root-mean-square (RMSE) and ARD were, the more favorable the prediction effect was.
307
The root-mean-square error (RMSE) was used to weight the deviation between the prediction result 308 and the actual value, and its calculation Eq. was Eq. (23). The ARD was usually used to evaluate the 309 accuracy of method through comparing the prediction value and the actual value. Its calculation Eq. 
321
In this study, for establishing a practical method to predict the fracture density quantitatively,
322
we assume that a thin interbedded medium is composed of two components: rock skeleton layer
323
(matrix) and rock fracture layer (including filling, water, oil, and gas), and the rock skeleton layer
324
and rock fracture layer of the thin interbedded medium are isotropic, homogeneous, and linear elastic,
325
etc., which is an idealized hypothesis. As a result, the thin interbedded medium can equivalent to the 326 double-layer medium under these assumptions. Actually speaking, these assumptions will involve 327 in deviation to this method, and the effect of these assumptions on the prediction method of fracture 328 density will be the focus in the future research. However, it is significant that the new method can 329 provide a scale in predicting the fracture density. Besides, the new method can be applied to the
330
Hudson model, and then the scope of the prediction method of fracture density is extended, which 331 is verified in Sec. 3.
332
Based on the above assumptions, the relationships between fracture density and the seismic 333 response is established. In Sec. 2.2-2.3, we use the fast S-wave velocity, the slow S-wave velocity, the 334 P-wave RMS velocity, and the S-wave RMS velocity as constraints to predict the fracture density,
335
which can be obtained from a conventional data processing of multicomponent seismic exploration.
336
Therefore, the processing quality of the multicomponent data will affect the application of the 337 prediction method for fracture density. Besides, only concerns the wave velocity as a function of 338 density in Sec. 2.4 is imprecise, which is to simplify the prediction method. In fact, the velocity is 339 related to several factors among which for instance the Young's modulus. Moreover, there will be an 340 error in predicting the average density of a target layer by the core analysis and logging data. The
341
influence of these factors on the prediction results will be reported in the later article. In this study, we considered that a thin interbedded medium is composed of the rock skeleton layer 
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